Abstract Human brain bacterial meningitis is a lifethreatening disease mainly caused by Neisseria meningitidis, lead to several complications including damage of brain or even death. The present available methods for diagnosis of meningitis have one or more limitations. A rmpM gene based genosensor was fabricated by immobilizing 5 0 -amino modified 19-mer single stranded DNA probe onto carbonmercaptooctadecane/carboxylated multi-walled carbon nanotubes composite electrode and hybridized with 2.5-40 ng/6 lL of single stranded genomic DNA (ssG-DNA) of N. meningitidis from cerebrospinal fluid (CSF) of the suspected meningitis patients. The electrochemical response was measured by using cyclic voltammetry and differential pulse voltammetry (DPV) using 1 mM methylene blue as redox indicator in 30 min (including a response time of 1 min) at 25°C. The sensitivity of the genosensor was 3.762 (lA/cm 2 )/ng and limit of detection was 2 ng of ssG-DNA of N. meningitidis with DPV. The genosensor has specificity only to N. meningitidis and does not hybridize with the genomic DNA of any other possible pathogen in human CSF. The immobilization of the probe and hybridization of the ssG-DNA were characterized by using electrochemical impedance in presence of 5 mM potassium ferricyanide and scanning electron microscopy. The genosensor loses only 12 % of its original DPV current on storage at 4°C for 6 months. Carbon composite based electrochemical array can be constructed to detect multiple bacterial meningitis suspected patient CSF samples during an outbreak of the disease.
Introduction
Meningitis is a life-threatening inflammation of the meninges of human brain and spinal cord which can lead to lethargy, seizures, loss of consciousness, visual abnormalities, hearing loss and some time to coma or death [1, 2] . Bacterial meningitis is a contagious infection which spreads rapidly among people and a quick diagnosis is necessary for initiation of early treatment and to prevent the outbreak of the disease. The detection of bacterial meningitis using culture of bacteria followed by latex agglutination (LA) test or coagglutination assay (COAG) may lead to uncertain results and are inefficient for detection of N. meningitidis [3] . Gram staining and other biochemical methods are preliminary and non specific methods which can be misleading in case of prior antibiotic treated patients [4] . PCR [5] , RT-PCR [6] and microarray [7] involve culture of N. meningitidis, isolation of genomic DNA (G-DNA) and PCR amplification of partial sequence. The Dot-blot ELISA test is expensive and sometimes may give false results therefore, is not preferred for diagnosis of bacterial meningitis [8] .
Nowadays, DNA sensors are slowly replacing the ancient methods of diagnosis because of their sensitivity, simplicity and low cost [9] . The DNA sensors reported by Patel et al. [9, 10] detects chemically synthesized complementary ssDNA and PCR ampilicon or isolated G-DNA from N. meningitidis culture, respectively. These are time consuming, less sensitive and clinically insignificant. The Omp85 genosensor reported earlier by our laboratory was with lower sensitivity and with higher limit of detection (LOD) since it was based on gold electrode as transducer [11] . Nanomaterial based genosensor can be a better choice for diagnosis of the disease in order to increase the sensitivity and decrease the LOD by increasing the efficiency of immobilization of the probe onto the transducers [12] .
Carbon electrodes are preferable for developing electrochemical sensors because of their good electron transfer kinetics and biocompatibility [13] . Carbon nanotubes (CNT) have flexible surface chemistry, high surface to volume ratio and good conductivity therefore, preferably used in development of genosensors [14] . Mercaptooctadecane (MOD) can act as an interlinking layer between MWCNT and carbon [15] . The virulent gene specific single stranded DNA (ssDNA) probe from a pathogen can be immobilized onto CNT for the development of highly sensitive and specific genosensors against the corresponding pathogen [16] . Methylene blue (MB) and potassium ferricyanide (K 3 [Fe(CN) 6 ]) are routinely used as redox indicators in electrochemical genosensors [17] .
There are five classes of outer membrane proteins (OMPs) present in N. meningitidis of which the class 4 proteins are termed as reduction-modifiable protein M (rmpM) due to its characteristic electrophoresis behavior after reduction. rmpM proteins have two interlinking domains one of which bind with peptidoglycan layer of bacteria while the other binds to OMPs and act as stabilizers of the receptor complexes [2] . rmpM is a unique virulent gene conserved in all the strains of N. meningitidis and the NCBI BLAST result shows that this gene sequence does not show homology with any other gene sequence of possible pathogens of the human cerebrospinal fluid (CSF). Therefore, rmpM gene was chosen for development a specific genosensor to detect all the strains of N. meningitidis. A rmpM genosensor was developed for quick detection of human brain meningitis by immobilization of 5 0 -amino modified 19-mer ssDNA probe onto carbon composite electrode and followed by hybridization of the immobilized probe with the single stranded G-DNA of N. meningitidis directly from the patient CSF.
Materials and Methods

Chemicals and Patient Samples
MWCNT (outer diameter: 7-15 nm; length: 0.5-10 lm; purity: [99 %), MB, MOD, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sigma Aldrich, USA. 2-(Nmorpholino) ethanesulfonic acid (MES) and dimethylformamide (DMF) were procured from Sisco Research Laboratories, India. All other chemicals purchased were of analytical grade. The 5 0 -amino modified 19-mer ssDNA probe (5 0 -GCTCGCTTCCGGCACTGCT-3 0 ) was synthesized from Innovision Medichem, India. Screen printed carbon electrode (SPCE) was procured from DropSens and modified in our lab.
Streptococcus pneumoniae and Haemophilus influenzae type cultures were purchased from MTCC, Chandigarh, India to check the specificity of the genosensor. All other bacterial samples were obtained from National Centre for Disease Control (NCDC), Delhi, India. Meningitis patient CSF samples (0.5 mL) were obtained from NCDC and centrifuged at 16,0009g for 1 min. The pellet was suspended in minimal volume of TE (10 mM Tris and 1 mM EDTA) buffer, pH 8 and heated at 95°C for 5 min for lysis of the cell wall. The heated solution was further centrifuged at 16,0009g for 1 min and the supernatant containing G-DNA of N. meningitidis was used for hybridization with the immobilized probe on carbon composite electrode.
Construction of Genosensor
The working carbon electrode (0.126 cm 2 ) of SPCE (carbon: working; platinum: counter; silver: reference) was treated with MOD saturated ethanol for 30 min and then washed with absolute ethanol to remove the extra amount of MOD and dried at 25°C. The MWCNT was dispersed in H 2 SO 4 :HNO 3 (3:1, v/v) to obtain a concentration of 1.2 mg/mL and the MWCNT suspension was sonicated for 12 h using an Ultrasonic cleaner at 40 kHz, 220 ± 10 V, 120 W (Ningbo Scientz Biotech Co. Ltd., China) for functionalization of carboxyl (COO -) groups at the side walls [18] . The COO -functionalized MWCNT (c-MWCNT) was repeatedly washed with autoclaved double distilled water to neutralize the pH and finally dispersed in DMF by sonicating for 5 min. The suspension of c-MWCNT was diluted two-folds with autoclaved double distilled water to obtain a final concentration of 0.6 mg/mL. 5 lL of c-MWCNT (0.6 mg/mL) and 5 lL of 10 mM EDC in PBS (50 mM sodium phosphate buffer; 0.9 % NaCl) were mixed (1:1, v/v) and placed onto the carbon-MOD surface for 3 h at 25°C. The excess of c-MWCNT was removed by washing with DMF:H 2 O (1:1, v/v) and dried at 25°C. The EDC acts as dehydrating agent to induce thioester (S-C) bond between thiol (SH) group of MOD and COO -group of c-MWCNT. The carbon composite transducer was characterized by using scanning electron microscopy (SEM) (Carl Zeiss EVO 40 SEM, Germany).
Probe Immobilization
The 308 bp partial cds of rmpM gene of N. meningitidis was amplified by using specific forward (5 0 -GCTCGC TTCCGGCACTGCT-3 0 ) and reverse primers (5 0 -TGAG CTTCGGCGCGCAATGA-3 0 ) using G-DNA isolated from Indian patient CSF following the procedure in our laboratory [2] . The PCR amplicon was purified using GFX column and sequenced twice at The Centre of Genomic Application, Delhi [2] . The final interpreted sequence was compared with the already reported sequence in NCBI using ClustalW and subsequently the partial rmpM gene sequence (308 bp) was submitted to NCBI GenBank with an accession number of HQ712170. A 19-mer ssDNA probe (5 0 -GCTCGCTTCCGGCACTGCT-3 0 ) was designed complementary to the partial cds HQ712170 in order to avoid any mutation or change in the gene sequence. The carbon composite electrode surface was treated with 10 lL of a mixture of 10 mM EDC and 10 mM NHS (1:1, v/v) in PBS, pH 7 for 4 h to activate the COO -groups present on the side wall of c-MWCNT. The carbon composite electrode was washed 3-4 times with PBS, pH 7 followed by 3-4 times with 0.1 M MES buffer, pH 4.5 to remove the unused EDC and NHS and finally dried at 25°C. A rmpM genosensor was constructed by immobilizing 5 lL of 1 lM 5 0 -NH 2 modified 19-mer ssDNA probe of rmpM gene of N. meningitidis in 0.1 M of MES buffer, pH 4.5 onto carbon composite electrode for 12 h at 25°C through EDC-NHS chemistry [19] . The electrode was washed 4-5 times with 0.1 M MES buffer, pH 4.5, 4-5 times with autoclaved double distilled water, consecutively 2-3 times with PBS pH 7 to remove the unbound probe and finally dried at 25°C before electrochemical measurement.
G-DNA Hybridization
The G-DNA isolated from patient CSF was denatured by heating at 95°C for 5 min to make ssG-DNA. The ssG-DNA (2.5, 5.0, 10, 20 and 40 ng in 6 lL TE) was treated onto the immobilized probe on the carbon composite electrode for 10 min at 25°C for hybridization with the immobilized probe. The hybridized electrode was washed 4-5 times with TE buffer, pH 8 followed by PBS, pH 7 to remove the unhybridized ssG-DNA and finally dried at 25°C before electrochemical measurement. The fabrication of carbon composite electrode, immobilization of the ssDNA probe onto the composite electrode, hybridization of the immobilized probe with the ssG-DNA and electrochemical detection of the genosensor is shown in Fig. 1 . The Genosensor was detected by using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in a potentiostat/galvanostat (FRA2 lAutolab type iii, Metrohm, India) in 30 min (including a response time of 1 min). The immobilization of the probe onto carbon composite electrode and hybridization of the immobilized probe with the ssG-DNA of N. meningitidis from patient CSF were characterized by using electrochemical impedance (EI) and SEM. 1 mM of MB in 50 mM PBS, pH 7 and 5 mM of K 3 [Fe(CN) 6 ] in 50 mM PBS, pH 7 was used as redox indicator for the CV/DPV and EI studies, respectively.
Results and Discussion
Cyclic Voltammetry
Cyclic voltammogram of the immobilized probe on carbon composite electrode and hybridization of the immobilized probe with ssG-DNA of N. meningitidis from the patient CSF using 1 mM MB in PBS, pH 7 is shown in Fig. 2 . The oxidation peak current (I p ) for CV of carbon composite electrode was found higher than the carbon electrode (figure not shown) due to the higher conductivity and stronger affinity of MWCNT towards MB [20] . The CV current of immobilized probe on carbon composite electrode (5.12 lA, curve a) was found higher than that of simple carbon composite electrode may be due to the increase in binding of the MB molecules to the ssDNA probe that has led to increased supply of MB probe for redox reaction at the surface. The I p for CV of the immobilized probe electrode after hybridization with 2.5, 5.0, 10, 20 and 40 ng/6 lL of ssG-DNA was found as 8.46 lA (curve b), 10.10 lA (curve c), 11.92 lA (curve d), 13 .71 lA (curve e) and 16.14 lA (curve f), respectively. The oxidation peak current of hybridized G-DNA was found higher than that of immobilized probe electrode and increased further with increase in the concentrations of hybridizing ssG-DNA from N. meningitidis. This may be attributed to the higher affinity of dsDNA to MB as compared to ssDNA and the affinity kept on increasing with increase in the amount of hybridizing dsG-DNA on the electrode surface that has led to increase in the binding of MB to the working surface (available for oxidation on the surface) and an increase in the current [21] . The plot between relative I p with respect to the immobilized probe and the concentrations of ssG-DNA used for hybridization was found hyperbolic (Fig. 2, inset) and linear in the range of 0-5 ng/6 lL. The above experiment was repeated three times and the average mean value of each reading is given in the figure with their error values. The sensitivity (S) of the fabricated genosensor was 7.810 (lA/cm 2 )/ng with regression coefficient (R 2 ) as 0.9869 was calculated using the formula S = m/A, where, m is slope of the linear equation; A is area of the carbon composite electrode surface. The LOD of the carbon composite based genosensor was calculated as 1 ng with CV (Fig. S1a) using the formula LOD = 3(r/S), where, r is standard deviation and S is sensitivity [22, 23] .
Differential Pulse Voltammetry
The I p for DPV of bare carbon was lower than that of carbon composite electrode as discussed earlier for CV analysis (not shown in figure) and the I p value increased further after immobilization of ssDNA probe onto the carbon composite electrode (16.66 lA, curve a). The I p for DPV of hybridized G-DNA was found higher than that of immobilized probe and increased further with increase in the concentrations of hybridizing ssG-DNA as 18.02 lA (2.5 ng/6 lL, curve b), 19.03 lA (5.0 ng/6 lL, curve c), 21.15 lA (10 ng/6 lL, curve d), 22 .51 lA (20 ng/6 lL, curve e) and 23.91 lA (40 ng/6 lL, curve f), (Fig. 3) . The trend of variation of the relative I p with respect to the immobilized probe at different concentrations of hybridizing ssG-DNA of N. meningitidis was found similar to that of CV studies (Fig. 3, inset) . The experiment was repeated three times and the average mean value of each data are given in the figure with their error values. The S and R 2 of the carbon composite based genosensor was calculated as 3.762 (lA/cm 2 )/ng and 0.9928, respectively with the similar formulas used in case of CV analysis (Fig. S1b) . The LOD of the carbon composite based genosensor was also calculated as discussed in CV studies and found as 2 ng of ssG-DNA of N. meningitidis from patient CSF. Fig. 4 . The diameter of the semicircle in the Nyquist plot corresponds to the charge transfer resistance (R ct ) and the semicircle at higher frequency corresponds to electron-transfer-limited process [24] . The R ct of the carbon composite electrode (figure not shown) was lower than that of bare carbon may be because of the fabricated c-MWCNT has increased the electron transfer kinetics by increasing the conductivity of the working surface which resulted in decrease in the impedance [25] . The R ct of the immobilized probe electrode was found as 2.62 kX (curve a) while after hybridization with 2.5, 5.0, 10, 20 and 40 ng/6 lL ssG-DNA of N. meningitidis was found as 5.03 kX (curve b), 6.99 kX (curve c), 9.17 kX (curve d), 10.12 kX (curve e) and 11.37 kX (curve f), respectively (Fig. 4) . The R ct of the immobilized probe electrode was found higher than the simple carbon composite electrode may be due to the negatively charged phosphate (PO 2 -) groups of the ssDNA probe of the immobilized probe electrode has prevented [Fe(CN) 6 ] 3-/4-ions to reach the electrode surface leading to increase in the R ct value. The R ct value of the G-DNA hybridized electrode was found higher than the immobilized probe electrode and increased further with increase in the concentrations of hybridizing ssG-DNA. This may be due to the increase in the ssG-DNA of N. meningitidis has led to increase in the negative charged PO 2 -groups on the electrode surface and an increase in the surface thickness which prevented the binding of [Fe(CN) 6 ] 3-/4-ions to the working surface resulting in increase in impedance. The plot between relative R ct and different concentrations of hybridizing ssG-DNA was also hyperbolic (Fig. 4, inset a) and linear in the range of 0-5 ng/6 lL (Fig. 4, inset b) as in the case of CV and DPV studies. The experiment was repeated three times and the average mean value of each point is given in the figure with their error values. The result of the EI studies supported the results obtained with CV and DPV studies.
Scanning Electron Microscopy
The change in surface morphology of the carbon composite transducer after immobilization of ssDNA probe onto it and followed by hybridization of the immobilized probe electrode with the ssG-DNA from N. meningitidis was studied by SEM (Fig. 5) . The SEM image of the bare carbon showed a uniform smooth black surface (figure not shown). The modified carbon with MOD layer showed a deposition of granular layer on the carbon surface (Fig. 5a) . A porous tubular inter-crossed net like structure was seen in the case of carbon composite c-MWCNT (Fig. 5b) [26] . After immobilization of ssDNA probe onto the carbon composite electrode, a thin film appeared on the network of c-MWCNT due to the covalent (amide bond) immobilization of ssDNA probe (Fig. 5c ) [27] which was changed into a dense surface morphology after hybridization with ssG-DNA of N. meningitidis from patient CSF (Fig. 5d) [28] .
Specificity and Stability of Genosensor
The specificity of the genosensor was tested by hybridizing the immobilized probe electrode with the control sample (6 lL of CSF without bacteria) and 10 ng/6 lL of ssG-DNA from Escherichia coli (DH5a), Mycobacterium tuberculosis (smegmatis), S. pyogenes (M140), H. influenzae, S. pneumoniae and N. meningitidis (patient CSF). The DPV current of hybridization with 10 ng/6 lL of ssG-DNA from other pathogens was compared with the DPV current of immobilized probe electrode. The DPV current of hybridization with lower concentration (2.5 ng/6 lL) of N. meningitidis ssG-DNA was compared with the DPV current of hybridization with 10 ng/6 lL of ssG-DNA from other pathogens.
The DPV peak current of the genosensor after hybridization with 10 ng/6 lL of ssG-DNA from other pathogens was found almost same as the DPV current of immobilized probe except with N. meningitidis (Fig. 6) . The current increased only in case of hybridization with N. meningitidis ssG-DNA 2.5 and 10 ng/6 lL which confirms the specificity of the genosensor only to N. meningitidis.
The self-life of the genosensor electrode was calculated by measuring the DPV current of the immobilized probe electrode at a regular interval of every 30 days for 180 days (6 months) and comparing with the original DPV current obtained at day one of probe immobilization. The genosensor showed a loss of about 12 % of the original DPV current after 180 days when stored at 4°C (Fig. 7) . 
Conclusion
The carbon composite based genosensor is better than the earlier reported meningitis sensors due to lower LOD (2 ng) of ssG-DNA and higher specificity with rmpM gene of N. meningitidis. The sensitivity of the genosensor for the detection of life-threatening human brain bacterial meningitis was 3.762 (lA/cm 2 )/ng using DPV in 30 min. The CV and DPV were used as amperometric methods for detection of human brain bacterial meningitis while EI (impedimetric method) was used to support the results of CV and DPV studies. The sensitivity of the genosensor with CV was found 7.810 (lA/cm 2 )/ng with LOD as 1 ng while with DPV the sensitivity was 3.762 (lA/cm 2 )/ng with LOD as 2 ng. Carbon composite electrode arrays can be constructed using the principles of the rmpM genosensor for simultaneous detection of multiple patient CSF samples during an outbreak of the disease. Fig. 7 The self-life of rmpM genosensor electrode stored at 4°C by by measuring the change (%) in original DPV current for 180 days at a regular interval of every 30 days. Each value is an average of three readings at same storage conditions
